SUMMARY In this paper we discuss two infants and one child who experienced a previously unreported complication after complete correction of a large, unrestrictive ventricular septal defect. Two patients had documented pulmonary hypertensive crises and severe right-heart failure secondary to hypoxia and pulmonary vasoconstriction. These crises were associated with significantly increased right ventricular (RV) peak systolic and end-diastolic pressures and right-to-left shunting via a foramen ovale which, in turn, exaggerated the hypoxia. The crises were treated successfully with tolazoline in the second and third patients. RV pressures returned to normal values and have remained normal up to 12 months postoperatively in the second patient. Although the RV pressures decreased with tolazoline in the third patient, they never reached normal values. Postoperative monitoring of pulmonary artery and RV pressures in infants with large ventricular septal defects is essential when unexplained complications are encountered. Tolazoline proved to be very effective in the treatment of two patients with pulmonary vasoconstriction secondary to hypoxia. SURGICAL CLOSURE of the isolated, large ventricular septal defect (VSD) is the treatment of choice for the infant with this lesion when either protracted heart failure or increasing pulmonary vascular resistance (PVR) is present.' 3 Although the list of possible complications after surgical repair of a VSD is extensive,4 there have been no reports of postoperative pulmonary hypertensive crises resulting in profound hypoxemia and right-heart failure.
SURGICAL CLOSURE of the isolated, large ventricular septal defect (VSD) is the treatment of choice for the infant with this lesion when either protracted heart failure or increasing pulmonary vascular resistance (PVR) is present.' 3 Although the list of possible complications after surgical repair of a VSD is extensive,4 there have been no reports of postoperative pulmonary hypertensive crises resulting in profound hypoxemia and right-heart failure.
It is generally accepted that the PVR of infants with large intracardiac left-to-right shunts remains elevated because of persistent hypertrophy of the medial musculature of the pulmonary arterioles.8 9 Increased PVR may also be seen in newborns with otherwise normal hearts. This entity, known as persistence of the fetal circulation (PFC), may result in significant hypoxemia secondary to right-to-left shunting across a patent foramen ovale and/or a patent ductus arteriosus.1" 11 Tolazoline was used recently to treat infants with PFCG1,-215 and it produced a significant decrease in the PVR and the right-to-left shunt. This treatment, however, is not always successful and might cause significant decrease in the systemic vascular resistance and an increased right-to-left shunt. The possibility that tolazoline might relieve pulmonary vasoconstriction postoperatively led to its use in two of the three cases presented here. We describe the course and management of pulmonary hypertensive crises after the surgical correction of a VSD.
Case Reports Patient 1 was seen at 3 weeks of age with the clinical findings of a large VSD and congestive heart failure. Cardiac catheterization (table 1) revealed a nonrestrictive, membranous VSD with a large left-toright shunt (Qp/Qs 3.28) and normal PVR (Rp/Rs 0.20). Medical management with digoxin, furosemide and spironolactone failed, and the VSD was closed surgically at 3.5 months of age (weight 3.4 kg). The procedure was performed using cardiopulmonary bypass and moderate hypothermia (27°C). The defect was closed with a teflon patch through a right ventriculotomy. There were no intraoperative or immediate postoperative complications except for a persistently low arterial Po2. This significant systemic hypoxemia was present despite excellent ventilation with an Fio2 of 0.90 (table 2) . The lungs were clear both clinically and radiographically. A stable hemodynamic state existed for 24 hours. Because of persistent hypoxemia, the infant was maintained on a respirator (Baby Bird) and paralyzed with pancuronium bromide (Pavulon). Various levels of inspiratory and end-expiratory pressures were tried without significant change in arterial blood gases. During the second postoperative day, the infant experienced four episodes of abrupt deterioration characterized by hypoxemia, an acutely enlarged liver and the appearance of a high-pitched holosystolic murmur at the left lower sternal border. During these episodes, oxygen saturation in the left atrium was 10% greater than that in the brachial artery, indicating a fig. 2) . Tolazoline (1 mg/kg) was initially injected into the right ventricle and was followed by a constant infusion of tolazoline (1 mg/kg/hour) for 3 days. Twenty minutes after the initial injection, the arterial Po2 rose to 78 torr and the RV peak systolic pressure decreased to 65 mm Hg. The peak systolic RV pressure ranged from 50-65 mm Hg and the patient was extubated 8 hours later. The arterial Po2 and RV systolic pressure remained stable. All catheters were removed on the fourth postoperative day, and the patient was discharged on the tenth postoperative day in mild rightheart failure. Postoperatively, the patient's exercise tolerance improved significantly but one episode of pulmonary infection was associated with increased right-heart failure. Postoperative cardiac catheterization 3 months later showed no evidence of residual VSD. The RV (70/0/20 mm Hg) and PA pressures (70/20 mm Hg, mean 35 mm Hg) remained increased. Tolazoline (1 mg/kg into the PA) and oxygen (Fio2 0.70) reduced the PA pressure to 55/15 mm Hg (mean 35 mm Hg).
Discussion
The postoperative pulmonary hypertension in patients 1 and 2 was not expected because these infants had normal PVR preoperatively. The infant with large left-to-right shunt and pulmonary hypertension maintains muscular hypertrophy of the pulmonary arterioles7' 8 and may respond to hypoxia with significant pulmonary vasoconstriction. In our patients, the mild hypoxemia caused pulmonary vasoconstriction resulting in severe pulmonary hypertension, tricuspid valvular regurgitation, right-heart failure and intraatrial right-to-left shunting. This, in turn, resulted in increased hypoxemia and further aggravation of the pulmonary vasoconstriction. Intrapulmonary right-toleft shunting is known to occur after cardiopulmonary bypass. [16] [17] [18] [19] This probably explains the hypoxemia noted in our patient during the steady state. Further deterioration in ventilatory status could lead to increased hypoxemia and thereby precipitate a hypertensive crisis.
Initially, hyperventilation alone reversed the crises and improved the clinical status of patients 1 and 2. The crises, however, became more frequent, more severe, and were eventually refractory to hyperventilation. The response to tolazoline in patients 2 and 3 was dramatic ( figs. 1 and 2; table 2 ). Both RV peak systolic pressures and the arterial Po2 returned to normal or near normal values. These findings indicate that the institution of tolazoline resulted in a significant decrease in the PVR with a subsequent elimination of the right-to-left shunt. Tolazoline was infused initially into the right ventricle and subsequently into a peripheral vein without perceptible change in the patient's response. Patient 2 continued to do well for the 12 months that he has been followed postoperatively, and the PA pressures were normal as determined by follow-up cardiac catheterization. Patient 3 continued to have increased RV and PA pressures, and the effect of tolazoline and oxygen on the PVR was limited. This indicates that the change in most of the pulmonary vascular bed was permanent. Although the postoperative clinical course improved in this patient, the longterm prognosis remains unknown.
Inotropic medication was ineffective in treating these hypertensive hypoxic crises; tolazoline, however, was very effective. The clinical courses of these patients underline the need for PA pressure monitoring in infants with unexplained complications during the first 24-48 hours after the repair of unrestrictive VSDs. Tolazoline proved effective in two cases with postoperative pulmonary hypertensive crises and deserves further careful evaluation. 
